Abstract-Nanostructures were formed on diced specimens of single crystal 4H-SiC silicon carbide using electron beam lithography. A scanning electron microscope was retrofitted with a commercially available electron beam lithography package and an electrostatic beam blanker to permit nanoscale lithography to be performed. A process was first developed and optimized on silicon substrates to expose, poly-methyl-methacrylate (PMMA) resist with an electron beam to make nanoscale nickel masks for reactive ion etching. The masks consist of an array of nickel dots that range in size from 20 to 100 nm in diameter. Several nanoscale structures were then fabricated in silicon carbide using electron beam lithography. The structures produced are characterized by field emission Scanning Electron Microscopy.
I. INTRODUCTION
Recently there has been intense interest in carbon nanotubes (CNTs), silicon nanowires (SiNWs) and silicon nanodots (SiNDs) because of their unique properties. Prototype nanodevices such as transistors, diodes, switches, lightemitting diodes, lasers, chemical and biological sensors, etc. have been fabricated from SiNWs and SiNDs [1] . Silicon nanotechnology is of particular interest since these structures would be compatible with and take advantage of, the large existing silicon microelectronics knowledge base. One of the main reasons silicon has dominated as a semiconductor material, is its ability to form a high quality oxide of SiO2. Since SiC also forms this stable oxide, many of the processes and techniques, which have been developed for nanofabrication in silicon, can in principle be applied to SiC. Thus, as SiC matures as a semiconductor material, it is expected it will also begin to be used more in the manufacturing of microelectronic and nanoscale devices.
A. Silicon Carbide Overview
Silicon carbide (SiC) is an emerging semiconductor material that possesses high thermal, chemical and mechanical stability. SiC is a indirect wide band gap (WBG) (EG > 2eV) semiconductor, with a range of single crystal polytypes which are now commonly available in 2 and 3 inch wafers.
The polytypes include fully cubic (3C-SiC), fully hexagonal (Wurtzite) (2H-SiC) forms, as well as free-standing substrates of 4H-ad 6H-SiC which have mixed crystal symmetry. These different polytypes arise from a number of combinations of stacked Si-C layers, with partially hexagonal and cubic structure, defined with a hexagonal unit cell (such as 4H, 6H, 8H etc.), or with a Rhombohedral unit cell (such as 15R, 21R, 33R etc.) with a defined degree of hexagonality [2] . Except for the cubic form (3C-SiC) all the remaining polytypes have uniaxial properties. The SiC nanodots for this work were fabricated on die cut from a 2 inch 4H-SiC wafer manufactured by CREE Inc. [3] . This material has a band gap of 3.26 eV, breakdown voltage of 2.2 x 106 V/cm, thermal conductivity of 3-3.8 Watt/cm • K, and a saturation electron drift velocity of 2 x 107 cm/sec [4] . Because of the WBG it is possible to operate SiC devices at temperatures as high as 650 °C (glowing red hot!), as opposed to 350 °C for silicon without degradation in electrical performance.
As of the writing of this paper, the work presented here on the synthesis of silicon carbide nanodots (SiCNDs) by electron beam lithograpy (EBL) is the first reported. SiC based devices are currently being developed which take advantage of the many properties which make it superior to silicon based technologies. Because of its high strength and high acoustic velocity it is being developed for used in high frequency resonators [5] . These include the growth of nanowires or nanotubes for ultra-sensitive detection of chemical and biological species. Adding a coating, which is sensitive to a particular biological or chemical substance, may functionalize cantilevers made from these materials. These substances can be detected by a change in resonator frequency as a result of the mass added to the cantilever when they react with the coating. The anisotropic properties of lowdimensional nanomaterials such as nanowires, nanorods, nanowhiskers, nanotubes, etc. are highly desirable attributes in the design and fabrication of nanodevices. Nanoelectronic devices such as transistors, logic gates, tweezers, sensors, etc. have already been built from CNTs [1] . Once SiC nanotechnology matures, it is expected that these same devices will be fabricated in SiC. Work is currently underway to produce SiC nanotubes [6] , [7] . SiC nanotubes can also be functionalized and may find use in hydrogen storage applications.
B. Research Objective
In order to manipulate and build structures with nanometer dimensions, we must first have a device which can image objects on this size scale. The scanning electron microscope, or SEM, is one of the first tools developed that is capable of viewing and measuring nanometer size structures. Early work describing the construction of the scanning electron microscope was performed in Germany (Knoll, 1935 ; von Ardenne in 1938) as referenced by P.J Breton in "From Microns to Nanometres: Early Landmarks in the science of Scanning Electron Microscope imaging", [8] . Modern SEMs using aberration corrected electron optics are capable of producing images magnified to 2,000,000 times, (2,000,000X) and have a resolution of 0.6 nm [9] .
It is the subject of this research to develop a electron beam lithography (EBL) process to fabricate structures with dimensions less than 100 nm using an electron beam from a modern SEM. A JEOL model JSM-840 SEM was retrofitted with a commercially available electron beam lithography package and an electrostatic beam blanker to permit nanoscale lithography to be performed. A process was developed and optimized first on silicon substrates to expose poly-methylmethacrylate (PMMA) resist with an electron beam to make nanoscale nickel masks for reactive ion etching of semiconductor crystals. The masks consist of an array of dots, which range in size from 20 to 100nm in diameter. Several of these nanoscale structures were then fabricated in singlecrystal silicon carbide substrates. The structures produced were characterized by field emission scanning electron microscopy (FE-SEM).
II. NANOPATTERNING OF SEMICONDUCTORS
Recent advancement in the areas of microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS), have spawned the development of new micromachining and patterning techniques. Electron beam lithography (EBL) and reactive ion etching (RIE) are the main processes used in this work. At the present time EBL has proven to be one of the best methods to rapidly build nanoscale device prototypes in semiconductors.
Electron beam lithography (EBL) was derived from the Scanning Electron Microscope (SEM), which has been used for many years to define surface features below the limits of optical techniques. The first SEM based EBL systems were developed in the 1960s, shortly after the discovery that the common polymer poly(methyl-methcrylate) (PMMA), or common Lucite Plexiglas TM made an excellent electron beam resist. The spot size of an electron beam can be less than 5 angstroms, but the resolution is limited due to scattering of the electrons in the resist. Sub-100nm features are routinely produced using this technique. The main problem, however, is that it is a serial process, which limits it use in manufacturing. To write an entire integrated circuit using a scanning electron beam could take hours, as opposed to a few minutes of exposure using mask-based optical lithography systems. The main advantage of EBL is in its ability to do rapid prototyping with a higher resolution than is currently available with optical lithography systems. This allows research to continue and gives the opportunity to foresee new problems, which might arise as devices approach the nanoscale. Once practical prototypes have been produced by EBL, they may be massproduced by future high-resolution parallel processing techniques such as nanoscale optical lithography when they become commercially available.
A. Converting an SEM into an EBL System
The EBL work in this research was performed on a Japan Electro Optical Ltd. model JSM 840 Scanning Electron Microscope that was converted into an EBL system. The conversion was done using a commercial package called the nanometer pattern generation system (NPGS) [10] . A beam blanker, ion gauge, ion pump and the NPGS computer system were added during the conversion of the SEM into an EBL system. The package consists of a desktop computer, with a scanning control board mounted in an available PCI expansion slot on the computer motherboard. The user interfaces to the SEM through the scan control board via a computer program called NPGS. The original JSM 840 came with an electromagnetic beam blanker. This was replaced with an electrostatic beam blanker manufactured by Scan Service Corporation of Tustin California. This was done to reduce the noise inherent in a magnetic blanker and to increase the blanking speed. An ion pump was added to the electron gun chamber to improve the vacuum. This helps to increase the life of the electron gun filament and reduces contamination, which can lead to arcing when the acceleration voltage is applied. A cold cathode ion gauge was also added to the gun chamber to allow the vacuum to be monitored. A record of the vacuum level helps to ensure the vacuum system is functioning properly. This is important to get reproducible EBL results, since the electron beam characteristics can change with fluctuations in vacuum level.
B. Synthesis of Nanoscale Structures
The first step in producing nanoscale structures is to make sure all sources of electromagnetic interference and mechanical vibrations in the proximity of the lithography system are reduced to a minimum. Very subtle changes in the environment surrounding a lithography system can lead to problems, which may affect the quality of the patterns produced.
Two inch diameter silicon wafers and 1 cm square SiC die were coated with PMMA resist, using a resist spinner. The resist used was a 950 MW resist with a 3% Anisole solvent. For this work a spin speed of 4000 RPM was chosen which resulted in a resist thickness of approximately 195 nm. When the electron beam strikes the surface of the resist, the electrons immediately begin scattering laterally. The thin resist thickness reduces this effect and allows higher resolution lithography. The wafers were then baked in a convection oven at 170 o C for 1 hour and cleaved into 1cm square die. After the resist has been cured, the coated dies are then scribed with a single stroke of a diamond scribe, with a scratch 2-3 mm long. The scratch is used as a marker to make it easier to locate patterns on the die after EBL processing. The die is then fastened with copper clips to an aluminum SEM sample holder that was made specifically for EBL work. A Faraday cup was made by drilling a small 2 mm hole into the aluminum. The Faraday cup is used to make accurate measurements of the electron beam current. A small piece of a carbon, stub sputter coated with gold, was also fixed in place on the SEM sample holder using silver paint. The small sputtered gold particles are useful for focusing and adjusting the beam without exposing the resist. This gold surface then serves as a gold standard during EBL processing.
After the die has been prepared and loaded into the SEM, it is ready for patterning. The beam is first carefully aligned and focused using the gold standard on the sample holder. A beam current measurement is then made using the Faraday cup. This reading is input into the nanometer pattern generation system (NPGS) scan control software which then adjusts the scanning speed to deliver a specified electron dose The NPGS software drives the pattern generator card. Patterns may be input into the NPGS software from any common CAD package. In this work an array of nine wheels were drawn using DesignCad, with each wheel programmed to receive a specified dose.
The doses were incremented on each wheel with lowest dose on the upper left wheel and the largest on the lower right, as shown in Fig. 1 . The black dots to the lower right of each wheel are a dump point to place the beam after writing each wheel. The Wheel array is a useful means of determining the dose that produces the best pattern. It is also useful for diagnosis of exposure problems such as beam stigmation, defocused beam, tilted stage, line frequency noise, etc. The wheel diameter designed for this pattern was 10 microns and the border outline was 95 x 95 micron.
After exposing the resist with this wheel array the die is removed from the SEM and processed to develop the resist. The developer solution consists of 1 part methyl isobutyl ketone (MIBK), to 3 parts 2-propanol. The exposed die is rinsed for 70 seconds in the developer and then rinsed in 2-propanol for 20 seconds, followed by a 20 second rinse in deionized (DI) water. After development the exposed lines delineating the patterns are dissolved away. The next step in the process is to deposit a thin layer of metal through the resist Fig. 1 Wheel array test pattern for beam diagnostics, created using DesignCad [11] .
pattern to form a metal mask, which is then used to transfer the pattern onto the substrate. The areas of metal covering the remaining resist are removed by dissolving the resist in acetone by the liftoff process. In this work reactive ion etching, or RIE, was used to etch the patterns into the silicon carbide substrates. Nickel was chosen as the mask material due to its resistance to etching in the RIE process [12] . RIE experiments were carried out on 3C-SiC epitaxial films grown in house on silicon substrates [13] using a Plasma Therm PT700 RIE system. A mask designed for broad area laser diodes was patterned onto the 3C film using optical lithography [14] . An Electron beam evaporator was then used to deposit 1000 angstroms of nickel to form the mask which was used for RIE etch rate experiments.
The etch rate experiments were conducted with 50kHz RF power at 100, 200, 300 and 400 watts for 5 minutes each. The etch runs were done at a pressure of 300 mTorr, with gas flows of 40 sccm SF 6 , 20 sccm O 2 and 10 sccm H 2 . To reduce micromasking effect, the bottom electrode on the RIE system was covered with a graphite plate and 10 sccm of hydrogen was added to the gas mixture. The hydrogen is added because it reacts with aluminum forming compounds, which are then pumped out of the system. Thus using standard optical lithography and metal liftoff processing the etch rate for 3C-SiC was determined. This etch rate was then used to predict the etch rate on nanopatterned 4H-SiC structures, formed via EBL.
III. SYNTHESIS AND CHARACTERIZATION
The EBL runs were first performed on silicon to optimize the process. These processes were then performed on 4H-SiC crystals and the pattern etched into the substrate using the reactive ion etching (RIE) process as described above. For all SEM characterization a Hitachi model S-800 field emission SEM was used at a working distance of~5mm and beam voltage of 25kV, unless otherwise specified. The EBL runs were done at a beam energy of 35keV, at a working distance of ~ 5mm and the lowest beam current setting available on the JOEL JSM-840, which measures ~5 pA in the faraday cup.
The initial EBL runs, which were conducted on silicon substrates, produced a dot resolution of approximately 50 nm diameter in poly(methyl-methcrylate) PMMA. In some cases PMMA nanodots less than 10 nm in diameter were produced as a result of under exposure of the resist. Fig 2 shows a DesignCad drawing of the dot array, which was used to determine the smallest dot, or pixel, which could be produced in the PMMA resist. Fig. 2 DesignCad TM drawing of nanodot test array used to measure EBL resolution in PMMA. Each of the four columns of dots receives a specified dose, which can be varied to determine the optimal dose for dot synthesis.
This drawing consists of 4 columns of dot patterns. The NPGS software was programmed to deliver a different dose to each column. The SEM was then used to characterize the dots to see which of the four columns produced the most accurate patterns, thus determining the most effective electron dose. Within each column, four 6x6 arrays were designed with dot sizes of 20, 30, 40 and 50 nm diameter. Rectangles were drawn around the entire array and labeling was added to aid identification of individual arrays during characterization.
During the course of the EBL process optimization, a "spot burning" technique was used to observe the shape of the electron beam. This involved turning the SEM electron beam scanning system off, thus putting the SEM in spot mode. In spot mode the beam is focused to the center of the scanning area which is ~100x100 microns at 1000X magnification. The beam is allowed to dwell in spot mode for 30 seconds, which "burns" a spot in the resist. The lowest beam current possible, 5pA, was used to get the most well defined beam possible. The JSM-840 specifications indicate a resolution of 2 nm for this SEM, which would indicate a beam diameter several times smaller than this. Assuming a 0.5 nm beam diameter, the area of the beam is 0.196 nm2 which, for 5pA of beam current gives a beam current density of approximately 2500 A/cm2. Although the total power is very low, due to the high local current density the resist undergoes a change in polymerization, which is visible under the SEM. This gives a direct means to observe the beam profile, which can then be adjusted to give a well-defined and symmetrical beam. Fig. 3 shows a series of spots burned in the resist. After each 30-second burn the SEM beam alignment, focus and astigmatism are adjusted until there is no further improvement of the beam profile. As can be seen in the Fig. 3 , the beam starts out slightly out of focus and after adjusting the focus and astigmatism the spot on the far right was produced, which is smaller and more symmetrical.
Once the beam has been optimized an accurate measurement of the beam current is obtained using the Faraday cup located near the substrate on the sample holder. The SEM stage micrometers are then moved to the end of the scratch made in the substrate during sample preparation and a final spot is burned at this location and photographed just prior to pattern writing. The beam is then blanked and the micrometers are moved to an area off the end of the scratch. The pattern design is then loaded into the NPGS software and the scanning system is switched to computer control. The proper magnification is selected and the pattern is run to expose the resist. The patterned substrate is finally removed and developed.
. A. PMMA Nanodots on Silicon Fig. 4 shows a collage of SEM images of one dot from each of the dot arrays of Fig. 2 , taken at a magnification of 200,000X. As can be observed in Fig. 4 , the 30, 40 and 50 nm dots were produced with some variability in accuracy. Only a few of the 20 nm dots survived development. Since they could not be produced consistently they were not included here. The best results appear to be in the third column from the left, i.e. the 500 C/cm2 dose.
Interestingly, the under exposed 300 and 400 C /cm2 dose arrays for the 30 nm dots actually produced dots which were below 10 nm in size. All these dots are difficult to measure in the SEM due to the necessity of the gold sputter coat to prevent charging. The grain size of the sputtered gold particles tends to interfere with the dot metrology. This is particularly evident with the 40 nm dot at 500 C/cm2, where the dot appears to have been deformed as a result of being straddled by a crack in the gold film. The sputtered gold film for this image was 15 nm thick. 
B. Electron Beam Lithography of 4H-SiC
EBL was then performed on 4H-SiC die also prepared as before. Fig. 5 shows SEM micrographs of the wheel dose array after EBL and liftoff. The dosage used for each wheel and column were as labeled, in units of µC/cm2. For this run the 600 µC/cm2 wheel appeared to have performed the best, giving the most complete wheel after liftoff. 6 shows the wheel spokes magnified at 100,000X, after etching. This image was taken at a tilt of 85 degrees. The etch power for this run was also 100 watts and was applied for 2 min. This resulted in an etch depth of approximately 42 nm as measured using SEM, giving an etch rate of ~21nm/min for the 4H-SiC. The nickel thickness also appears to have been reduced from 37 nm to 30 nm after the etch run. The error in measurement using the SEM can be on the order of a few nanometers, given the resolution is specified at 2 nm on a gold standard from the manufacturer [15] . The top edges of the nickel lines appear smoother and were also likely etched a few nanometers after the 2 minute etch run. Fig. 7 . The wavy edges in these images are the result of acoustic and electromagnetic noise during image capture. A few nanometers in measurement error are expected due to this noise, and the fact that these pictures were taken at 300,000X, which is the highest magnification available on the Hitachi S-800 FE-SEM 
IV. CONCLUSION
Electron Beam Lithography (EBL) has been used to pattern 40 nanometer diameter single crystal silicon carbide nanodots (SiCNDs). Silicon carbide is an emerging electronic material and was chosen for this work because it is a wide bandgap material and has excellent material properties, which allow it to be used in high power and/or high temperature applications. SiC is also biocompatible, hence processing SiC material surfaces to contain nanoscale features may find applications in chemical and biological sensing and medical technology. In this work an EBL system was constructed by retrofitting a JEOL SEM with a commercially available nanometer pattern generation (NPGS) system. An EBL process was developed and optimized on silicon first and then on silicon carbide to produce nanoscale structures in poly-methyl-methacrylate, (PMMA) resist. An RIE process was then developed on 3C-SiC to etch these patterns into silicon carbide crystals, using an electron beam deposited nickel mask and liftoff processing.
Initial EBL test runs on silicon were able to produce 50 nm diameter features in PMMA resist on silicon. Pattern arrays using wheel and dot structures were designed to determine the optimum electron dose. After patterning and resist development, nickel was deposited to form a mask layer for RIE to etch the patterns into the silicon carbide surface. The resulting structures were then characterized using FE-SEM. Pattern arrays using wheel and dot structures were designed to determine the optimum electron dose. After process optimization, using a spot burning technique, this was reduced to approximately 20 nm diameter in PMMA resist on silicon. Holes as small as 10 nm in diameter were produced in resist that was under exposed.
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